Introduction {#s0001}
============

Late in December 2019, a rapid outbreak of a mysterious coronavirus, identified later as SARS-CoV-2, emerged in the city of Wuhan, China (Bogoch et al., [@CIT0004]; Hui et al., [@CIT0030]; Rothan & Byrareddy, [@CIT0052]). Any traveler to Wuhan City in Hubei Province 2 weeks before the onset of the symptoms of pneumonia (termed COVID-19) is suspected to be infected with the novel coronavirus (Bogoch et al., [@CIT0004]; Organization, [@CIT0045], [@CIT0046], [@CIT0047]). The SARS-CoV-2 is suggested to be originated in the wildlife when bat translates the virus to a secondary host that, by his role, transmits the virus to the human being by direct contact in the Wuhan market (Hui et al., [@CIT0030]). The National Health Commission of China confirmed, for the first time, the human-to-human transmission of the COVID-19 in late January 2020 (Yang, [@CIT0060]). WHO declared COVID-19 as a Public Health Emergency of International Concern (PHEIC), then as a pandemic in March 2020 (Ibrahim et al., [@CIT0031]). There is now a total lockdown in many countries, attempting to reduce the spread of the new mysterious virus (Parr, [@CIT0049]; Yang, [@CIT0060]). The total infections reported until today reached two million people worldwide with the majority in Europe and North America. The first million infections were reported from the beginning of the outbreak and until April 2, 2020, while the second million was just reached in two weeks. More than 170,000 deaths are reported worldwide, with at least 40,000 in the united states. The common COVID-19 symptoms are fever, dry cough, malaise, shortness of breath, and respiratory distress, while the loss of olfactory and taste perceptions are reported in many cases (Hui et al., [@CIT0030]).

SARS-CoV-2 is a *Betacoronavirus* like the SARS and MERS human coronaviruses (Chan et al., [@CIT0006]; Elfiky et al., [@CIT0022]; Ibrahim et al., [@CIT0031]). Until today, seven different strains of human coronaviruses (HCoVs) have been detected (229E and NL63 (*Alphacoronaviruses*), and OC43, HKU1, SARS, MERS, and SARS-CoV-2 (*Betacoronaviruses*)) (Elfiky et al., [@CIT0022]; Hui et al., [@CIT0030]; WHO., [@CIT0059]).

Human coronaviruses are positive-sense RNA (30 kb) viruses. Two types of proteins characterize HCoVs, structural (Spike (S), Nucleocapsid (N), Matrix (M), and Envelope (E)) and non-structural proteins (nsp1 up to nsp16) including the RNA dependent RNA polymerase (RdRp) (nsp12) (Elfiky et al., [@CIT0022]; Hasan et al., [@CIT0028]). RdRp is a vital enzyme for the life cycle of RNA viruses. It has been targeted in various viral infections (HCV, Zika virus (ZIKV), and HCoVs) (Elfiky, [@CIT0010]; [@CIT0011], [@CIT0012]; Elfiky et al., [@CIT0018]; Elfiky & Elshemey, [@CIT0016]; [@CIT0017]; Elfiky & Ismail, [@CIT0020]; [@CIT0019]; Ganesan & Barakat, [@CIT0025]). RdRp active site is conserved among different organisms, while two successive, surface-exposed aspartate residues are protruding from a beta-turn motif. (Doublie & Ellenberger, [@CIT0008]; Elfiky, [@CIT0013]; Elfiky & Ismail, [@CIT0021]). Several studies are suggesting the effectiveness of different anti-viral drugs and compounds against the coronavirus proteins (Aanouz et al., [@CIT0001]; Boopathi et al., [@CIT0005]; Elfiky & Azzam, [@CIT0015]; Elmezayen et al., [@CIT0023]; Enayatkhani et al., [@CIT0024]; Gupta et al., [@CIT0027]; Khan et al., [@CIT0034]a, [@CIT0034]b; Muralidharan et al., [@CIT0043]; Pant et al., [@CIT0048]; Sarma et al., [@CIT0054]).

In this study, the SARS-CoV-2 RdRp model built in previous studies is subjected to Molecular Dynamics Simulation (MDS) for up to 51 ns (Elfiky, [@CIT0013], [@CIT0014]). After cluster analysis of the MDS trajectories, molecular docking was performed to test more than 30 compounds against the SARS-CoV-2 RdRp. These compounds include some FDA-approved drugs that are used to treat Hepatitis C Virus (HCV), the human immunodeficiency virus (HIV), Ebola virus (EBOV), and Influenza viruses in addition to an antibiotic compound Zinacef. The drugs are Sofosbuvir, Ribavirin, Galidesivir, Remdesivir, Favipiravir, Cefuroxime, Tenofovir, and Hydroxychloroquine. Additionally, compounds currently under clinical trials against different viruses are tested in this study against the new strain of human coronavirus RdRp after exploring its dynamics.

Materials and methods {#s0002}
=====================

Structural retrieval {#s0003}
--------------------

PubChem database is used to retrieve the 3 D structures of the small molecules used in this study (Kim et al., [@CIT0036]). SCIGRESS 3.4 software is used to optimize the compounds and to activate (addition of triphosphate group at 5′ position) the small molecules to be ready for the docking experiments (Elfiky & Elshemey, [@CIT0016]; Summers et al., [@CIT0057]). Geometry optimization for the ligands is performed through the classical MM3 force field, followed by the semiempirical parameterization method 6 (PM6) (Lii & Allinger, [@CIT0040]; Stewart, [@CIT0056]). After that, the density functional theory (B3LYP functional) is used to optimize the molecules further and to ensure that the molecules in its minimum energy (Elfiky et al., [@CIT0022]; Leach, [@CIT0039]; Stewart, [@CIT0056]).

RdRp modeling {#s0004}
-------------

Swiss Model web server is utilized to build the all atoms 3 D RdRp model for SARS-CoV-2 using the gene (NC_045512.2) retrieved from the National Center for Biotechnology Information (NCBI) as in previous studies (Biasini et al., [@CIT0003]; Elfiky, [@CIT0013], [@CIT0014]; NCBI., [@CIT0044]). SARS HCoV solved structure (PDB ID: 6NUR, chain A) is used as a template (97.08% identity) (Kirchdoerfer & Ward, [@CIT0037]). The model is valid based on the Structure Analysis and Verification Server (SAVES) of the University of California, Los Angeles (UCLA). ( Eisenberg et al., [@CIT0009]; Hooft et al., [@CIT0029]; Joan Pontius, [@CIT0033]; Laskowski et al., [@CIT0038]; SAVES, [@CIT0055]). After validation, the model is subjected to Molecular Dynamics Simulation (MDS) for 51 ns. NAMD software is used to perform the MDS calculations utilizing the CHARMM 36 force field (Phillips et al., [@CIT0051]). The TIP3P water model is used as the solvent with added NaCl (0.154 M) to the protein-water system (Mark & Nilsson, [@CIT0042]). Water is minimized (conjugate gradient), followed by the minimization of the protein system for 10000 steps each. The temperature is adjusted slowly to reach 310 K, and then an equilibration run is performed with the NPT ensemble (constant number of molecules, pressure, and temperature) for 1 ns. This is followed by the production run at the NVT ensemble (constant number of molecules, volume, and temperature) for 51 ns (Elfiky & Elshemey, [@CIT0017]; Elfiky & Ismail, [@CIT0019]; Ismail et al., [@CIT0032]). The chimera software package is used to perform clustering analysis of the production run trajectories leading to 8 different clusters (Pettersen et al., [@CIT0050]). A representative protein model is selected from each cluster for use in the docking experiments.

Molecular docking {#s0005}
-----------------

AutoDock Vina software was used in all docking experiments, with the eight representative SARS-CoV-2 RdRp models as the docking targets (Trott & Olson, [@CIT0058]). A total of 31 compounds were tested against the RdRp models for SARS-CoV-2. The four physiological nucleotides (GTP, UTP, CTP, and ATP), six drugs approved against different viruses (Sofosbuvir, Ribavirin, Galidesivir, Remdesivir, Favipiravir, and Tenofovir), the anti-malaria drug Hydroxychloroquine, the antibiotic drug Cefuroxime (Zinacef), thirteen different compounds (IDX-184, YAK (PAEBVIJMNXTTAT-AEFFLSMTSA-N), Setrobuvir, 2'C-methylcytidine, Valopectibine, Uprifosbuvir, Balaprevir, BMS-986094, PSI-6206, PSI-6130, R1479, MK0608, and R7128) were (or currently) in clinical trials against other viral RdRp. Four compounds derived from IDX-184 have proved its potency against Zika and Hepatitis C Viruses, and two compounds possess a low binding affinity to RdRp (Cinnamaldehyde and Thymoquinone) are used as negative controls (Elfiky, [@CIT0011], [@CIT0012]; [@CIT0014]; Elfiky & Ismail, [@CIT0020]; [@CIT0021]; [@CIT0019]).

Protein-Ligand Interaction Profiler (PLIP) web server (Technical University of Dresden) is used to mine the docking complexes (Salentin et al., [@CIT0053]).

Results and discussion {#s0006}
======================

A previous study by the same author pointed out the effectiveness of some in-market drugs against the COVID-19-causing coronavirus strain, SARS-CoV-2 RdRp (Elfiky, [@CIT0014]). It is crucial to test the binding affinity of the compounds in different dynamic states of the protein. Few questions need to be addressed; are the compounds still able to bind the RdRp tightly? Is the active site of the RdRp is always available to receive the small molecule? Can IDX-184 give some potent derivative molecules that can specifically target SARS-CoV-2 RdRp?

[Figure 1A](#F0001){ref-type="fig"} shows the 2 D structures of the anti-viral drugs Sofosbuvir, Ribavirin, Galidesivir, Remdesivir, Favipiravir, and Tenofovir. These drugs are subjected to the activation process inside the human cells (phosphorylation). Additionally, the four modified compounds (2-hydroxyphenyl)oxidanyl (compound 1), (3,5-dihydroxyphenyl)oxidanyl (compound 2), (3-hydroxyphenyl)oxidanyl (compound 3), and (3-sulfanylphenyl)oxidanyl (compound 4) are shown in [Figure 1B](#F0001){ref-type="fig"} in its active form (triphosphate). These four compounds are modified IDX-184 (at position 2′ in the ribose ring). IDX-184, in turn, is a modified form of the nucleotide guanosine triphosphate (GTP) (2′ methylated GTP).

![(A) 2 D structures of the FDA approved anti-viral drugs; Sofosbuvir, Ribavirin, Galidesivir, Remdesivir, Favipiravir, and Tenofovir. (B) 2 D structures of the guanosine derivative IDX-184 and its modifications; compound 1 ((2-hydroxyphenyl)oxidanyl), compound 2 ((3,5-dihydroxyphenyl)oxidanyl), compound 3 ((3-hydroxyphenyl)oxidanyl), and compound 4 ((3-sulfanylphenyl)oxidanyl).](TBSD_A_1761882_F0001_C){#F0001}

RdRp dynamics {#s0007}
-------------

[Figure 2](#F0003){ref-type="fig"} shows the dynamics of the SARS-CoV-2 RdRp during the 51 ns production run. [Figure 2A](#F0002){ref-type="fig"} presents the Root Mean Square Deviation (RMSD) in Å (blue line), Radius of Gyration (RoG) in Å (orange line), and Surface Accessible Surface Area (SASA) in Å^2^ (gray line) versus time in ns. As implicated from the RMSD, RoG, and SASA, the RdRp system is equilibrated during the first ten nanoseconds (ns) of the simulation, reaching 2.6 Å, 29 Å, and 38500 Å^2^, respectively. [Figure 2B](#F0002){ref-type="fig"} shows the per residues Root Mean Square Fluctuations (RMSF) in Å versus time in ns. The structure of the RdRp is depicted in cartoon and surface representations showing the active site aspartates D651 and D652 (black) and the most movable regions including the N (blue balls) and C (red balls) terminals, the K712-D716 region (orange), A731-V739 region (yellow), and Y775-M790 region (wheat). As shown in the surface representation in the left-hand side of the figure, the active site (black surface) is located in the NTP tunnel of the RdRp. The two aspartic acids D651 and D652 are surface accessible, while the most movable (RMSF of up to 5 Å) regions (orange, yellow, and wheat surfaces) are present in the NTP tunnel. One has to test whether the dynamics of these regions will affect small molecule fitting to the active site or not. Different conformations of the RdRp are selected at different time steps. Chimera software is utilized to perform cluster analysis of the 51 ns MDS data. Eight different clusters are obtained; from each, one representative structure is selected for the binding affinity calculation. The structures chosen for use in the docking study are the RdRp conformations at 30.2, 31.6, 34.4, 35.5, 36.9, 39.5, 46.3, and 49.7 ns.

![MDS analysis (A) Root Mean Square Deviation (RMSD) (blue line), Radius of Gyration (RoG) (orange line), and Surface Accessible Surface Area (SASA) (gray line) versus time of the simulation. (B) The per residue Root Mean Square Fluctuation (RMSF) (blue line) during the 51 ns of the MDS. The structure of SARS-CoV-2 RdRp shown by surface (left) and cartoon (right) representations. The N (blue) and C (red) terminals are shown in the balls representations, while the active site aspartates are depicted in black. The most movable parts of the protein are colored in orange (K712-D716), yellow (A731-V739), and wheat (Y775-M790), while the entire protein is in green.](TBSD_A_1761882_F0002_C){#F0002}

Molecular docking {#s0008}
-----------------

The eight different conformations of the SARS-CoV-2 RdRp are used as a target for the small molecule compounds using AutoDock Vina software. A flexible ligand-flexible binding site approach is used in the current study. The two active site aspartates D651 and D652 (D760 and D761 in the PDB 7BTF) are declared as flexible during the search for the possible binding mode for the flexible small molecules utilizing the vina scoring function. The grid box used for the search was 30 × 30 × 30 Å and centered at (142.5, 139.2, 149.3) Å with minimal differences in the centers between the different RdRp conformations.

[Figure 3A](#F0003){ref-type="fig"} shows the average binding affinities (in kcal/mol) calculated for the docking of the drugs (Sofosbuvir, Ribavirin, Galidesivir, Remdesivir, Favipiravir (violet), Cefuroxime (cyan), Tenofovir, and Hydroxychloroquine (green)) into the SARS-CoV-2 RdRp different conformations, error bars represent the standard deviation. The average binding energy for the four nucleotides (GTP, CTP, UTP, and ATP) (sky blue column) is added to the figure for comparison. As implicated from the value, the average binding affinities for all the drugs are in the same range (-6.13 (Hydroxychloroquine) and down to -7.46 (Sofosbuvir) kcal/mol) as that of the NTP average binding affinity (-7.56 kcal/mol). These drugs can compete with NTP for the binding site of RdRp and hence can induce RdRp inhibition. Due to the safety profile for these drugs (approved by the FDA before for other viruses or microbes), it can be successful candidates as anti-COVID-19 possible drugs as reported earlier (Al-Tawfiq et al., [@CIT0002]; Dong et al., [@CIT0007]; Elfiky, [@CIT0013], [@CIT0014]; Lythgoe & Middleton, [@CIT0041]).

![(A) Bar graph representing the average binding energies (in kcal/mol) calculated by AutoDock Vina software for NTPs (sky blue column), Sofosbuvir (blue), Ribavirin (blue), Galidesivir (blue), Remdesivir (blue), Favipiravir (violet), Cefuroxime (cyan), Tenofovir (blue), and Hydroxychloroquine (green). (B) Bar graph representing the average binding energies for the nucleotides (GTP, CTP, UTP, and ATP), and other compounds. The compounds IDX-184, YAK, Setrobuvir (green column) are the best based on its binding affinities to SARS-CoV-2 RdRp. The negative control compounds (Cinnamaldehyde and Thymoquinone) are depicted in red columns, while other compounds with moderate affinities in yellow columns. (C) A bar graph shows the average binding energies for the IDX-184 (orange column) and its derivative compounds (1-4) (red columns). Error bars represent the standard deviation, while orange circles represent the binding affinities of the compounds to the solved SARS-CoV-2 RdRp structure (PDB ID: 7BTF).](TBSD_A_1761882_F0003_C){#F0003}

[Figure 3B](#F0003){ref-type="fig"} shows the average binding energies for the docking of the four nucleotides (blue columns), the compounds (green and yellow columns), and the negative control molecules (red columns) into SARS-CoV-2 RdRp different conformations. IDX-184, YAK, and Setrobuvir (green columns) show excellent binding affinities (-8.01, −8.78, and -8.91 kcal/mol, respectively) to RdRp even better than the physiological NTPs (blue columns) (-7.56 kcal/mol as an average value for the four NTPs). For the other compounds (yellow columns), moderate average binding energies are shown to RdRp ranging from -6.59 kcal/mol (2'C-methylcytidine) down to -7.31 kcal/mol (MK-0608). These values of the average binding energies still can compete for RdRp active site with that of CTP (-6.88 kcal/mol) and ATP (-7.29 kcal/mol). For the negative controls (Cinnamaldehyde and Thymoquinone), the average binding energies (-5.23 and -5.79 kcal/mol, respectively) are significantly different from that of the NTPs.

[Figure 3C](#F0003){ref-type="fig"} shows the average binding energies for the binding of the four IDX-184 derived compounds (compound 1 -- 4) to SARS-CoV-2 RdRp different conformations. Compounds 1 and 4 show average binding energies (-8.00 and -7.95 kcal/mol, respectively) almost the same as the parent compound IDX-184 (-8.01 kcal/mol). On the other hand, compounds 2 and 3 show better average binding affinities (-8.38 and -8.26 kcal/mol, respectively) even better than the competing physiological nucleotide, GTP (-8.14 kcal/mol). These two compounds are up-and-coming anti-SARS-CoV-2 RdRp candidates that are suggested to be excellent binders and hence possible inhibitors of the RdRp.

[Tables 1](#t0001){ref-type="table"} and [2](#t0002){ref-type="table"} show the interaction details after docking the compound 2 ((3,5-dihydroxyphenyl)oxidanyl) and compound 3 ((3-hydroxyphenyl)oxidanyl) into the eight different conformations of the SARS-CoV-2 RdRp, respectively. The AutoDock Vina scores (in kcal/mol) are listed for each docking complex in addition to the number of interactions for each type of communication established. The main driving force for the binding is the H-bonds, followed by the created salt bridges. A few π-cation interactions are found, while one complex only is able to form two hydrophobic interactions. The central residues that form H-bonds are, R444, Y510, D514, T571, N582, and D651, while K289, D514, and D651 are the most three contributing residues in salt bridge formation. Noticeably, compound 2 form hydrophobic interactions only with the RdRp conformation at 46.3 ns (through Y510 and C513), and this is the lowest binding energy reported (-9.3 kcal/mol).

###### 

The interactions formed between compounds 2 ((3,5-dihydroxyphenyl)oxidanyl) and SARS-CoV-2 RdRp upon docking.

  RdRp conformation at   AutoDock score (kcal/mol)   H-bonding   Salt bridges                                                 other interactions                                            
  ---------------------- --------------------------- ----------- ------------------------------------------------------------ -------------------- ------------------------------------ --- -------------------
  *30.2 ns*              −8.4                        9           C513, T571(2),N582, D651, E702, C704, S705, Q706             2                    D514, D651                                
  *31.6 ns*              −8.7                        7           D514(2), T571(2), T578, N582, D651                           2                    D514, D651                                
  *34.4 ns*              −8.3                        6           K436, Y510, K512, C513, D514, D651                           3                    R444, K512, K689                          
  *35.5 ns*              −7.8                        12          K442, N443, R444(3), A445, Y510, P511, K512(2), C513, K689   2                    K442, R444                           2   **K689(2)**
  *36.9 ns*              −7.9                        6           I439, R446, D514, T571, N582, S650                                                                                     2   **R446(2)**
  *39.5 ns*              −8.4                        7           K391, D514, T571(2), N582, D651(2)                                                                                          
  *46.3 ns*              −9.3                        8           D509, Y510, K512(2), C513, T571, N582, D651                  8                    K442, R444(2), K512(3), D651, K689   2   [Y510, C513]{.ul}
  *49.7 ns*              −8.2                        7           Y510, C513, D651, D652, F703, S705, Q706                     2                    D509, D651                                

Bold residues are interacting through π-cation, while underlined residues are creating hydrophobic contacts.

###### 

The interactions formed between compounds 3 ((3-hydroxyphenyl)oxidanyl) and SARS-CoV-2 RdRp upon docking.

  RdRp conformation at   AutoDock score (kcal/mol)   H-bonding   Salt bridges                                                    other interactions                                                  
  ---------------------- --------------------------- ----------- --------------------------------------------------------------- -------------------- ------------------------------------------ --- ----------
  *30.2 ns*              −8.3                        7           N582, S650, D652(2), W691, C704, S705                           1                    D651                                            
  *31.6 ns*              −8.5                        8           R444, D514, T571(2), N582, S650(2), D651                        2                    D514, D651                                      
  *34.4 ns*              −7.7                        6           A449, D514, T571, S573(2), N582                                 3                    K391, D514, D651                                
  *35.5 ns*              −8.4                        11          Y346, K442, N443, R444, D509, Y510, P511, K512(2), C513, D651   2                    K512, K689                                      
  *36.9 ns*              −7.8                        10          R444, C513, D514, T571(2), N582, S650(2), D651(2)                                                                                    
  *39.5 ns*              −8.2                        2           R444, K512                                                      9                    K442, R444, K512(3), D514, D651, K689(2)        
  *46.3 ns*              −8.9                        7           R444, W508(2), Y510(2), N586, A653                              1                    R444                                       1   **Y510**
  *49.7 ns*              −8.3                        6           Y510, D651, D652(2), S705, Q706                                 2                    D509, D651                                      

Bold residues are interacting through π-cation.

A few days ago, two structures for SARS-CoV-2 RdRp were released in the protein data bank (PDB ID: 6M71 and 7BTF) (Gao et al., 2020). The RMSDs between the different conformations of the RdRp model after the MDS and the solved structures are less than 2 Å. Additionally, the solved structure 7BTF is docked by all the 31 compounds used in this study. The values of the binding affinity with the solved structure are shown in orange circles in [Figures 3A-3C](#F0003){ref-type="fig"}. As implicated from these docking experiments, the data is in an excellent agreement with presented RdRp model (Elfiky, [@CIT0014]).

Conclusions {#s0009}
===========

COVID-19 pandemic is a public health crisis that needs to be treated quickly and effectively. More than 120000 deaths from the 2 million infections are reported until the writing of this manuscript. The present study attempts to test anti-RdRp drugs and suggest possible derivative molecules that may inhibit the SARS-CoV-2 RdRp. Sofosbuvir, Ribavirin, Galidesivir, Remdesivir, Favipiravir, Cefuroxime, Tenofovir, and Hydroxychloroquine can bind to the RdRp active site tightly and supposed to be good candidates for clinical trials. Moreover, the compounds Setrobuvir, YAK, and IDX-184 can tightly wrap to the SARS-CoV-2 RdRp, hence contradicting its function leading to viral eradication. Additionally, IDX-184 derived compounds (3,5-dihydroxyphenyl)oxidanyl and (3-hydroxyphenyl)oxidanyl may be used to target SARS-CoV-2 RdRp effectively, after the binding assays confirmation, *in vitro*, and *in vivo* studies.
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